surface energy tests showed that the work of adhesion in dry conditions was bitumen type 7 dependent which is in agreement with the peel test. After moisture damage, all of these three 8 tests found that the moisture sensitivity of aggregate-bitumen combinations were mainly 9 aggregate type dependent. Based on the peel test, the moisture absorption and mineralogical 10 compositions of aggregate were considered as two important factors to moisture sensitivity.
bonding strength of the aggregate-bitumen interface. Five different types of aggregate (two 1 limestones and three granites) and two types of bitumen were selected for testing. The aggregates were obtained by using the dynamic contact angle (DCA) and dynamic vapour 7 sorption (DVS) tests, respectively. The surface energy results of different types of bitumen and 8 aggregates were then used to calculate the adhesion between these two materials with and 9 without the presence of water based on thermodynamic theory. In addition, the adhesion 10 properties of the aggregate-bitumen interface and its moisture sensitivity were evaluated by 11 using a direct tension peel test. Furthermore, the moisture sensitivity of compacted asphalt Five aggregates from different quarries were selected as substrates. They included two 1 limestone aggregates (L1 and L2) and three granite aggregates (G1, G2 and G3). In this 2 research, aggregates of L1, L2, G1, G2 and G3 were used to prepare the aggregate substrates 3 and perform the peel test, while aggregates of L1, G1, G2, and G3 were used to prepare 4 compacted asphalt mixtures so as to perform the SATS test. The water absorptions of these 5 five aggregates were evaluated based on the ASTM standard (ASTM C127-15) and the results 6 are shown in Table 1 .
7
The mineralogical compositions of different aggregates were studied using a Mineral 8 Liberation Analyser (MLA). The MLA is a method used to identify the mineral phases of 9 aggregate surfaces by using the combined evaluation of an automated scanning electron 10 microscope (SEM) and multiple energy dispersive X-ray detectors (XRD). The detailed 11 procedures used for the MLA test can be seen in previous publications [13, 18] .
12
The MLA scans and the mineral compositions for the five aggregates are presented in Figure   13 1. For the limestone (L1 and L2) samples, calcite is the predominant phase when compared to 
5
Three probe liquids including water, glycerol and di-iodomethane were selected and five repeat 6 tests were performed for each probe liquid in this study. During testing, the bitumen-coated 
12
The difference between the weight of a plate measured at different times, (∆ ), recorded by Systems, Middlesex, UK) was used to determine the surface energy of the aggregates. By using 13 this approach, the mass of the aggregate increases due to the adsorption of probe vapours at 14 their surfaces and this increased mass was then measured using a sensitive balance.
15
The specific surface area of the aggregate was calculated by using the Brunauer-Emmett-Teller
16
(BET) approach as shown below [22] :
where is the specific surface area of aggregate (m 2 ), is the monolayer specific amount mol -1 ), is the molecular weight of the vapour (g/mol) and is the projected or cross-1 sectional area of the vapour single molecule (m 2 ).
2
The number of vapour molecules adsorbed on the aggregate surface is determined by using the is the amount of vapour adsorbed on the surface of the absorbent (mg), and is the BET 7 constant (a parameter theoretically related to the net molar enthalpy of the adsorption).
8
The surface energy of aggregate reduced as the vapour molecules adsorbed on its surface. So,
9
spreading pressure as a result of adsorption of the vapour molecules can be expressed as: 
where is the universal gas constant (83.14cm 3 bar/mol.K), and is the absolute temperature 1 relationship is obtained:
3
The contact angle value for high energy solids such as aggregates is zero, therefore, Eq.7 can 4 be re-written as:
By substituting the above relation into Eq.2, the following equation is obtained: where subscripts 1, 2 and 3 represent aggregate, bitumen and water, respectively.
5
When the surface energy parameters of water are entered into Equation 11, the equation can be 6 expanded as follows:
Peel test

11
The peel test (as described in ASTM D6862-11) is used to calculate the adhesive fracture For the peel test, the specimen should be rectangular, with the rigid aggregate substrate and the is visibly flat with no saw marks. Then, the polished slices were cleaned using distilled water 8 and dried at room temperature for at least 24 hours.
9
The aggregate substrates with dimensions of 150 mm × 20 mm × 10 mm were placed in an 10 oven at 150°C for 1 hour. Bitumen is preheated to 150°C for 1 hour prior to making the joint.
11
Then, these hot aggregate substrates were bonded to the aluminium peel arm using hot bitumen Before calculating the fracture energy of the aggregate-bitumen bond, the mechanical 8 properties of the aluminium peel arm need to be determined using the same tensile speed as the 9 peel test. In order to describe the elastic and plastic deformation of the peel arm, the stress- parameters of the bi-linear model (Eq. 13) for the peel arm were used for the plastic corrections 13 as described in the following equation:
15 where is yield stress and is the yield strain, 1 is the elastic modulus of the peel arm, 2
16
is the plastic modulus of the peel arm and is the ratio of plastic modulus to elastic modulus,
⁄ .
18
The measured stress-strain curve was modelled using the bi-linear model with the parameters 19 gained from the fitting process shown in Table 2 . The value of the corrected fracture energy 20 was then calculated using large displacement beam theory.
The Saturation Ageing Tensile Stiffness (SATS) test is the first test procedure that combines 2) The dry mass of each specimen is determined by weighing.
12
3) The specimens are subsequently immersed in distilled water at 20°C and saturated using of 85°C for at least 2 hours before introducing the specimens. measured once more using a NAT.
5
9) The ratio of the final stiffness modulus/initial stiffness modulus can thus be calculated,
6
and is referred to as the "retained stiffness modulus". The calculated surface energy results of the two types of bitumen used in this research are 11 presented in Table 3 . The results for the B1 bitumen exhibited a comparatively higher total 12 surface energy in comparison with the result for B2 bitumen. comparison with limestone. Also, the acid-base components showed significant and irregular 5 differences between these five aggregates. The differences can be attributed to different 6 elemental and mineralogical compositions of the aggregates which in turn will influence the 7 strength of the aggregate-bitumen adhesion and its moisture sensitivity. To simulate the effect of moisture on the bonding properties between bitumen and aggregate,
Fracture energy in dry conditions
12
the whole specimens were submersed in water at 20°C for 7 days and 14 days. After moisture 13 conditioning, specimens were removed from the water bath and then subjected to the peel test 14 within a few hours.
15
The loading behaviour and failure surface of two granite samples were selected for analysis, as water to diffuse through the aggregate into the aggregate-bitumen interface to weak the bond.
20
The other two granite aggregates (G2 and G3) with normal moisture adsorption values had the 21 lowest retained fracture energy. This is not surprising as both acidic aggregate sources have As L2 is not a commonly used material in pavement construction, so there is no asphalt 8 specimens were produced. So, in this research, SATS tests were carried out on the samples 9 prepared with bitumen B1 and four aggregates (L1, G1, G2 and G3). The retained stiffness 
Correlation between different tests
20
The correlations of the three tests used in this research were evaluated using the data presented 
Conclusions
18
The following conclusions were reached based on the results presented in this study: debonding at the aggregate-bitumen interface in the presence of moisture. 
